Abstract-This communication presents a wideband, dual-polarized Vivaldi antenna or tapered slot antenna with over a decade (10.7:1) of bandwidth. The dual-polarized antenna structure is achieved by inserting two orthogonal Vivaldi antennas in a cross-shaped form without a galvanic contact. The measured −10 dB impedance bandwidth (S 11 ) is approximately from 0.7 up to 7.30 GHz, corresponding to a 166% relative frequency bandwidth. The isolation (S 21 ) between the antenna ports is better than 30 dB, and the measured maximum gain is 3.8-11.2 dB at the aforementioned frequency bandwidth. Orthogonal polarizations have the same maximum gain within the 0.7-3.6 GHz band, and a slight variation up from 3.6 GHz. The cross-polarization discrimination (XPD) is better than 19 dB across the measured 0.7-6.0 GHz frequency bandwidth, and better than 25 dB up to 4.5 GHz. The measured results are compared with the numerical ones in terms of S-parameters, maximum gain, and XPD.
I. INTRODUCTION
A traditional way to implement directive wideband antennas is to use linearly polarized double-ridge horn antennas [1] - [4] or dualpolarized quad-ridge horn antennas [5] - [8] . Another way to implement a wideband dual-polarized antenna is to orientate two tapered slot antennas, also called Vivaldi antennas, into a cross shape with respect to the antenna center, previously studied in [9] - [13] , where a galvanic contact is avoided by a small longitudinal gap between antenna elements. To the authors' best knowledge, a cross-shaped Vivaldi antenna structure is not very commonly studied in the literature when considering two orthogonal polarizations.
The most common way to implement two orthogonal polarizations with Vivaldi antennas is to place them orthogonally along the outer edge of each element [14] - [16] . In [16] , a case has been reported where with linear and dual-polarized Vivaldi antenna arrays, a 170% relative −10 dB impedance bandwidth has been achieved, whereas [14] reports 164% relative −6 dB impedance bandwidth.
This communication presents a wideband dual-polarized Vivaldi antenna. The goal of the antenna design was to find an affordable antenna structure with good antenna characteristics over a wide frequency range. The starting point of the antenna design was to find a suitable dual-polarized antenna structure for multiple-input-multipleoutput over-the-air (MIMO OTA) test system [10] wireless standards under one measurement system. As a comparison, multiple wireless standards can be covered, e.g., using a quad-ridged dual-polarized horn antenna, as presented in [11] . The development of a MIMO OTA test system is under investigation at the moment in industrial companies and scientific communities. Compared to cross-shaped dual-polarized Vivaldi antenna structures presented in [12] and [13] , the antenna structure proposed in this communication offers a wider relative operating bandwidth. The proposed antenna structure has 168% relative −8 dB impedance bandwidth and 166% relative −10 dB impedance bandwidth, whereas [12] presents 51% (−8 dB) and [13] 110% (−10 dB). The isolation between the feeding ports of the proposed antenna is better than 30 dB. As a comparison, the cross-shaped Vivaldi antenna presented in [13] offers isolation between 20 and 30 dB.
The proposed dual-polarized Vivaldi antenna has excellent radiation properties in terms of measured total efficiency, with a variation between −1.75 and −0.05 dB within the measured 0.7-6 GHz bandwidth. On the other hand, the measured maximum gain at boresight is between 3.8 and 11.2 dB with cross-polarization discrimination (XPD) better than 19 dB at the aforementioned bandwidth. For comparison, in [13] , the measured XPD over the operating bandwidth is approximately 15 dB.
This communication is organized as follows. Section II introduces an equivalent circuit study of the balanced feed mechanism and Section III describes the proposed dual-polarized wideband Vivaldi. In Section IV, the Vivaldi antenna is investigated in terms of measured S-parameters and radiation properties. Finally, Section V contains the conclusion and a short discussion of the proposed antenna.
II. EQUIVALENT CIRCUIT SIMULATIONS OF THE FEED MECHANISM
The Vivaldi antenna is a balanced antenna structure. Thus, the structure needs a balun to transfer or receive the electromagnetic waves properly over the tapered slot. The most common balun structure used with Vivaldi antennas is adapted from Knorr's microstrip-to-slot transition [17] .
To study the characteristics of the balanced feeding over a wide frequency range, the balanced feed structure is separated into three equivalent circuit parts as presented in Fig. 1 . These parts are (a) a stub, (b) a cavity, and (c) a combination of stub and cavity representing the feed mechanism of the proposed Vivaldi antenna structure. The substrate selected for the equivalent circuits is Rogers 4003 RF-laminate (ε r = 3.38), which is the same as the one used in the proposed antenna.
In Fig. 1 , Rs and Rc are the radius of the stub and the cavity, respectively, whereas ZLc and ZL are the loads to match the open ended slot to the free-space impedance. In this study, ZLc = ZL = 85 Ω, which is the average input impedance (from 0.5 to 10 GHz) of the isolated Vivaldi antennas fed by a slot transmission line. Even though an average value is applied, results with constant impedance are more valuable than ending the slot transmission line with an open circuit.
The equivalent circuits of Fig. 1 have been simulated with CST Microwave Studio [18] for a range of R s and Rc values between 5 and 17 mm, and a stub angle of 80
• . Fig. 2 (a) presents the input impedance (real and imaginary parts) of the stub shown in Fig. 1 (a) as a function of frequency. As can be observed, the real part of the stub is zero until the stub reaches antiresonance [19] . At this frequency, the behavior changes, the stub becomes an open circuit, and the imaginary part behavior changes from inductive to capacitive. Thereby, the antiresonance frequency limits the upper band of the feed structure. Fig. 2 (b) presents the simulation results of a cavity with the same radius as the stub studied in Fig. 2(a) . The imaginary part of the cavity stays quite constant over the bandwidth, and presents a small variation when increasing the radius. The wide bandwidth and the small variation of the imaginary part can be explained by considering the cavity of Fig. 2 (b) as a quarter-wavelength slot line ended in a short-circuit. Since a wide circular slot line is used, instead of a narrow quadrangular slot line [17] , the bandwidth of the cavity can be maximized.
Additionally, the real part shows more variation. When the cavity radius increases, the real part of the input impedance rapidly changes at the lower frequencies and stays more constant as the radius and frequency increases. The smaller the cavity radius is, the more variation the real part presents across the bandwidth. Fig. 2 (c) presents the combined results of the real and imaginary parts of the stub and the cavity. In this study, the stub radius is kept constant (R s = 11 mm), and the cavity radius is swept as in Fig. 2 (a) and (b). It can be clearly seen how the characteristics of the real and imaginary parts are well summarized. The real part represents mainly the characteristics of the cavity. On the other hand, the imaginary parts, especially with the larger cavity sizes, are summarized as complementary offering impedance variation around zero. Also, it can be observed how the stub antiresonance defines the upper frequency limit of the feed structure. Fig. 3 presents the combined study of the reflection coefficient of the stub and cavity, shown in Fig. 1(c) . It can be observed that when the cavity radius equals to 9 and 13 mm, the frequency response also presents a good matching. Still, the overall performance with R s = Rc = 11 mm gives the best performance. Note that the results of Fig. 3 do not represent the return loss of the proposed structure (feeding circuit connected to a Vivaldi antenna), which will be provided later, but they are an approximation of the results in the final structure. This difference is caused by the use of an average load instead of the real input impedance of the Vivaldi antenna at the different studied frequencies.
Thus, it can be concluded that the cavity determines the behavior of the feed, and the stub the upper frequency limit. In addition, results show that a cavity and a stub with the same radius (11 mm) offer the best impedance matching over the desired frequency range.
The presented study offers a fast way to design a wideband balanced feeding and gives the designer a tool to adapt the antenna structure between the antenna feed and the free-space impedance. However, the characteristic impedance of the transmission line between the antenna port and the stub needs to be designed separately based on slot width, and this study does not take that into account. Also it is good to mention that this is a general study and does not include, e.g., the slot behind the cavity of Vivaldi 2 and the position of the feeding point.
III. PROTOTYPE ANTENNA STRUCTURE
This section presents the prototype of the proposed dual-polarized cross-shaped Vivaldi antenna. First, the antenna feed, identical for both Vivaldi antennas, is introduced with its main dimensions. Then, the implementation of the dual-polarized feeding is presented by combining both Vivaldi antennas together in a single structure. Finally, Fig. 2 . Simulated input impedance of (a) stub with variable stub radius Rs; (b) cavity with variable cavity radius Rc; and (c) combination of stub and cavity with fixed Rs = 11 mm and variable cavity radius Rc. Fig. 3 . Simulated reflection coefficient of feed mechanism presented in Fig. 1(c) . Radius of the stub is fixed Rs = 11 mm, when the cavity radius Rc is swept from 5 to 17 mm in 2 mm steps. the photographs of the prototype antenna are presented and discussed. Commercial simulator CST Microwave Studio [18] has been used to simulate the antenna. Fig. 4 presents the feeding mechanism used to feed both Vivaldi antennas in the proposed structure. The feeding is implemented with a radial stub performing the impedance matching from 50 Ω to approximately 85 Ω, as described in Section II. An SMA connector is used to deliver the signal to the antenna. The 17-mm slot in the substrate is used to make possible the overlapping of the orthogonal Vivaldi antennas, labeled as Vivaldi 1 and Vivaldi 2 (see Fig. 5 ).
A. Feeding Mechanism
As concluded in Section II, the optimal cavity and stub radius are 11 mm, with a stub angle of 80
• . These values provide the maximum impedance bandwidth around 7.3 GHz for the average input impedance of the Vivaldi antennas.
B. Dual-Polarized Prototype Antenna Structure
This section shows the implementation of two orthogonal Vivaldi antennas without galvanic contact. The principal characteristics of the implementation are presented in Fig. 5 . Rogers 4003 RF-laminate (εr = 3.38) is used to fabricate the antenna. The same radial stub described in previous section is used to feed both Vivaldi antennas. Fig. 5 shows how Vivaldi antennas are overlapping each other, so that Vivaldi 2 is 2 mm ahead of Vivaldi 1 in the Z-axis. This 2-mm shift is done to avoid the antenna feeding lines overlapping each other. In order to compensate the displacement of the phase center of the separate antennas in the Z-axis, the microstrip feed line of Vivaldi 1 A photograph of the individual Vivaldi elements in the dualpolarized structure is presented in Fig. 6(a) . The lengths of the complementary slots shown in the figure are 42.5 and 195 mm. This allows the overlapping implementation of the orthogonal Vivaldi elements. Note that the summarized length of the slots is 238 mm, which corresponds to the 2 mm displacement.
The studied cross-shaped dual-polarized Vivaldi prototype antenna is presented in Fig. 6(b) together with the considered coordinate system. The antenna has a length L = 240 mm and width W = 220 mm, and its tapered slot opens elliptically outward from the feeding point.
A high opening rate of the Vivaldi improves the resistance at low frequencies but increases the complex impedance variation as the frequency increases. A compromise is required by 3-D simulations when choosing the opening rate and cavity size to obtain the desired antenna performance. An elliptical form suppresses reflections from the antenna opening at low frequencies [15] , [20] .
The complementary slots [ Fig. 6(a) ] are cut into the center line of the antenna structures to allow the overlapping and keeping antennas isolated without galvanic contact. The width of the complementary slots is 1 mm, and it is slightly wider than the substrate thickness (0.813 mm).
In order to implement two orthogonal Vivaldi antennas in a crossshaped form, the slot behind the cavity must be first opened [ Fig. 6(a) ] to allow Vivaldi 2 to slide along the complementary longitudinal slot of Vivaldi 1 in direction Z. The galvanic connection between the two halves of Vivaldi 2 is returned by soldering a piece of conducting material over the opened slot. The soldering point is marked in Figs. 4-6 . When comparing the dual-polarized feeding mechanism to the one presented in [13] , Vivaldi 2 is ahead of Vivaldi 1, like in the antenna proposed in this communication, but there is no cut behind the cavity. This cut in the cavity of the proposed antenna makes possible the implementation of the feeding lines close to each other, although imposes a small shift between the phase centers of both antennas. This shift, which might lead to severe problems when considering circular polarization, can be corrected using feeding lines with different lengths, as commented above.
IV. MEASURED PROTOTYPE ANTENNA
This section presents the measurement results of the dual-polarized Vivaldi prototype antenna. The antenna characteristics are studied in terms of S-parameters, total efficiency, and radiation patterns at two different center frequencies. Side lobe level, 3 dB beamwidth, maximum gain, and XPD are presented as a function of frequency. The maximum gain and the XPD are shown at boresight direction (θ = 0
• ). Fig. 7 presents the simulated and the measured S-parameters and total efficiencies of the dual-polarized Vivaldi prototype antenna. The measured −10 dB impedance bandwidth is 683 MHz-7.30 GHz, which corresponds to a 166% relative −10 dB impedance bandwidth. This well correlates with the relative bandwidth of the Vivaldi array presented in [16] , where 170% relative −10 dB bandwidth was achieved. Note that the measured matching does not fully satisfy the −10 dB level at 1.8 and 2.3 GHz. At those frequencies, the matching is −9 dB. This higher level, as well as the small frequency shift in some dips of the frequency response, is mainly caused by manufacturing imperfections and the use of an average electrical characterization of the substrate for the whole bandwidth. Nevertheless, apart from these differences, a reasonably good correlation between the measured and the simulated S-parameters are observed in Fig. 7 .
A. S-Parameters
The simulated and the measured mutual coupling between the antenna ports is lower than −29 and −30 dB, respectively, and predicts good polarization properties. Furthermore, the measured total efficiency is between −1.75 and −0.05 dB within 0.7-6 GHz bandwidth. The total efficiency was measured in a narrower bandwidth than the S-parameters by the Satimo near-field antenna measurement system [21] . The simulations predicted a slightly higher total efficiency, between −0.61 and −0.13 dB, over the aforementioned frequency band than the measured one. The difference is explained by the measurement tolerance and slightly different loss coefficients in the simulation model compared to the measured prototype.
For comparison, in [13] , the measured isolation between antenna ports is between 20 and 30 dB, and, thus, the presented results are better than the compared results in the literature. As a conclusion, the antenna structure proposed in this communication is well matched over the measured frequency band, with good total efficiency and isolation between the antenna ports. Fig. 8 presents the radiation patterns of the Vivaldi antenna prototype at 0.7 and 3 GHz. The patterns are presented in XY-, XZ-, and YZ-cuts, and every cut includes both polarization components (Phi and Theta). In the measurements, the Vivaldi 2 was terminated with a standard 50-Ω load when the total efficiency of Vivaldi 1 was measured, and vice versa. The measurements were done with Satimo near-field antenna measurement system [21] .
B. Radiation Properties
It can be seen how both antennas have similar radiation properties; the Phi-component of Vivaldi 1 is equal to the Theta-component of the Vivaldi 2, and vice versa. This is due to the orthogonal orientation of the antennas. In addition, the higher the frequency, the narrower the main lobe of the antenna becomes. This is due to the fact that when the wavelength gets smaller related to the antenna size, the directivity increases.
Also, the number of side lobes increases at higher frequency because current nulls start to appear in the antenna structure. This increases the number of nulls in the radiation pattern as higher order modes are excited. In Fig. 8 , the difference between the measured main lobe and side lobe level is between 5 and 15 dB, depending on the operating frequency. Fig. 9 presents the simulated side lobe levels and 3 dB beamwidths as a function of frequency of the proposed antenna structure. For simplicity, both parameters are presented only in YZ-cut as the radiation properties of Vivaldis are close to symmetrical and, hence, parameters in the XZ-cut are quite similar (i.e., XZ-cut of Vivaldi 1 is similar to the YZ-cut of Vivaldi 2 and vice versa), as shown previously (Fig. 8) . Side lobe level here is the ratio of the power density in the side lobe to the power density in the main lobe. Side lobe level for Vivaldi 1 starts at 1.25 GHz, as the simulations did not predict side lobes at lower frequencies. The side lobe levels are varying between −14 and −6 dB, whereas the 3 dB beamwidth is between 35
• and 160
• . Fig. 10 presents the simulated and the measured maximum gain as a function of frequency up to 6 GHz for both antennas. The frequency band is limited to 6 GHz by the measurement system as discussed above. The measured maximum gain at boresight (θ = 0
• ) is between 3.8 and 11.2 dB, whereas simulation predicts 4.3-10.9 dB at the 0.7-6.0 GHz frequency bandwidth. Both have relatively the same gain up to 3.6 GHz. Also, it can be noticed that, on one hand, there exist a difference smaller than 1.5 dB in the maximum gain between the Vivaldi antennas from 3.6 to 6 GHz. This gap is mainly caused by different manufacturing errors in the two Vivaldi antennas, which also caused differences in the measured S11 parameter. On the other hand, the variation of the measurement is smaller than 2 dB, whereas the simulation predicts a variation smaller than 1 dB. The maximum gain follows the trend presented in [9] and [13] . Fig. 11 presents the simulated and the measured antenna performance in terms of XPD as a function of frequency in the direction of boresight (θ = 0
• ). As it can be observed, the difference between the polarization components is better than 25 dB up to 4.5 GHz. After 4.5 GHz, the XPD is below 20 dB around 6 GHz, which can be still considered good. As a comparison, the XPD in [9] and [13] is approximately 15 dB within the operating frequency band.
As a conclusion, the dual-polarized Vivaldi antenna has good radiation characteristics over a wide frequency bandwidth. Some small changes in the maximum gain and XPD of the individual antenna elements can be observed. This might be caused by the overlapping of the antennas, which produces a nonsymmetrical structure.
V. CONCLUSION AND DISCUSSION
A wideband dual-polarized Vivaldi antenna has been presented with 166% relative −10 dB impedance bandwidth from 683 MHz to 7.30 GHz. The antenna consists of two orthogonally orientated Vivaldi antenna elements in a cross form. The structure has good antenna performance in terms of the measured impedance bandwidth and radiation properties.
The proposed antenna is presented to be used in a MIMO OTA test system. Nevertheless, the dual-polarized antenna might be also useful in other kind of antenna measurement systems. An especially important application might be in systems where both polarizations need to be measured at the same point, like an ultra wideband (UWB) probe in a near-field antenna measurement system or in a nondestructive material testing/inspection system, where a wide bandwidth provides a good measurement resolution. Furthermore, a frequency-scaled antenna might be used in the designated UWB communication bands.
I. INTRODUCTION
Each component of the antenna far-field can be obviously represented by the following expression F (θ, ϕ) exp(jψ(θ, ϕ)) exp(−jkr)/r, where k = 2π/λ is the free-space wave number, and F (θ, ϕ) and ψ(θ, ϕ) are the amplitude and phase patterns, respectively. The function exp(−jkr)/r describes divergence of the emitted spherical wave. Antenna's amplitude pattern is of paramount importance for any radio-electronic system. Therefore, there is such a wide variety of desirable patterns: isotropic, pencil-like with limited side lobes, specially shaped (e.g., cosecant or contoured), etc. As for phase patterns, the situation is quite different.
First of all, the most simple phase pattern corresponding to a spherical wave should be mentioned due to ample use of a wide-beam antenna emitting a spherical wave (mainly as a feed for parabolic reflectors). This means that such a reference point called a phase center (PhC) could be assigned to the antenna, that its phase pattern ψ (θ, ϕ) is independent of both the angles θ and ϕ. Strictly speaking, a real antenna has not PhC, which is valid over the whole solid angle. In the IEEE standards, the PhC is defined as: "the location of a point associated with an antenna such that, if it is taken as the center of a sphere whose radius extends into the far-field, the phase of a given field component over the surface of the radiation sphere is "essentially" constant, at least over the portion of the surface where the radiation is "significant." Antenna's PhC and its location have been researched long ago [1] , [2] for small horn feeds. Researches still continue and extend to the different types of antennas, such as corrugated horns. The development of GPS has highlighted the need for antennas having an extremely stable PhC, as its variation limits positioning accuracy. This is why a lot of works devoted to the problem have been published recently [3] - [6] .
The only example of a desired special phase pattern is provided by those rarely used navigation systems, which require the proportion ψ(θ, ϕ) = ϕ for their operation.
In all other cases, the phase pattern is of no importance and can be arbitrary. Since there is an interrelationship between amplitude and phase patterns, the mentioned freedom can be used to find the special phase pattern ψ 0(θ, ϕ) that provides a better approach to the desirable amplitude pattern F0(θ, ϕ) [7] , [8] . Maybe it is not of great importance, but very interesting to find out what happens with PhC if such a particular phase pattern occurs.
II. LOCAL PHASE CENTER
Let the function ψ(θ, ϕ) be the phase pattern of an antenna. At the distance R0 in the far-field region, the equiphase surface r(θ, ϕ) called a phase front is obviously given by r(θ, ϕ) = R0 + ψ(θ, ϕ)/k.
A small region dS of the surface r(θ, ϕ) at a given point {θ, ϕ} can be approximated by a piece of sphere, the center of which {xc, yc, zc} is referred to as the local phase center (LPC) corresponding to the direction {θ, ϕ} [9] .
It is easily comprehended that there is some degree of uncertainty in the LPC concept. First, in general, at the observation point r(θ, ϕ), the principal curvatures of the phase front can differ. Second, the result of estimation depends on the approximation technique used. Third, the distance R 0 and the angle span of the area dS, the matter of choice, influence to some extent on the result of approximation. It is pertinent to note that, strictly speaking, all three factors of uncertainty present in the commonly used concept of antenna PhC. The terms "essentially constant" and "significant" accommodate them. But PhC and LPC can differ in terms of the measure of uncertainty. Feeds or GPS antennas are designed and constructed especially for emitting a spherical wave. Their PhC proves to be well defined to the extent that its millimeter deviation being percentages of the wavelength at frequencies L1 and L2 can be detected [3] . If the phase pattern ψ(θ, ϕ) behaves specifically, the case we are going to study by means of LPC, the degree of uncertainty may supposedly be higher.
The meanings of LPC and PhC are conceptually very close. Therefore, the similar methods can be used to find them.
A. 3-D-Algorithm
Several techniques have been published for determining the PhC location from calculated or measured data. A universal algorithm to
